Introduction 74
Climate change is likely to have considerable effects on tree growth and forest productivity 75 (Boisvenue et al., 2006); however, the directionality of these changes remains unclear. Positive 76 effects on growth may occur due to CO 2 fertilization of photosynthesis (although there is an 77 ongoing debate on the extent of this effect on forests), as well as because of an increase in 78 growing season length due to higher temperatures (Allen et al., 2010). Increases in productivity 79 might be observed in cold climates due to warming, where water is sufficient to compensate for 80 greater vapor pressure deficits, and also in water-limited systems due to precipitation increases. 81
Negative effects on growth may occur due to increased evaporative demand due to warmer 82 temperatures and deficits in precipitation (Fischlin, et al., 2007) . The specific response of forests 83 is likely to vary from site to site, so the mechanistic assessment of current tree growth-climate 84 relationships can inform our understanding of species' sensitivities to climate change. 85
In southern Chile, summer temperatures are projected to increase up to 4° C and precipitation is 86 direct effect on growth (Sala et al., 2012 See also Deslauriers et al. 2014 ). Irreversible growthoccurs in a cell when a certain pressure threshold in the tissue is exceeded, so when there is 118 water deficit in the tree, this inhibits cell division, and more sensitively cell expansion (Hsiao 119 and Acevedo, 1974, Lambers et al., 2008) . Besides the positive effects of water, it has also been 120 reported that temperature would be important in determining the growth rate of metabolic 121 processes in the cambium, as temperature is minimum at night, when conditions are more 122 suitable for growth (Drew et To date, the only study that has assessed Fitzroya stem increment-climate relationships at a daily 134 time scale was carried out using band dendrometers in Chiloé Island (at the southern distribution 135
of Fitzroya in the Coastal Range, Perez et al., (2009) ). The authors reported that daily stem 136 growth was positively related to precipitation and negatively related to radiation. Nevertheless, it 137
is not clear if these relationships hold for populations located towards the north in the Coastaldifferent. 140 We investigated environmental correlates of stem radial contraction and increment of Fitzroya 141 trees growing in two distinct environments in southern Chile (the Coastal Range and the Andean 142 Cordillera). These sites were chosen because they contain the main populations of this species 143 and the forests greatly differ in their structure, disturbance regime and environmental conditions. 144
The studied stands are representative of the widespread condition of forests in each range, with 145 old and large trees in the pristine Andean area and younger and smaller trees in the Coastal 146
Range, where there has been a permanent influence of fires. We sought to resolve the following 147 
Study sites and tree selection 156
The study was conducted in the Alerce Costero National Park, close to the northern distributionThe effective soil depth in Alerce Costero is generally thin (29 to 67 cm), and soils are brown-162 earths and severely podzolized (Veblen and Ashton, 1982 , Urrutia-Jalabert, 2014). Soil texture in 163 the upper horizon is mostly sandy-loam and organic matter content is ca. 10%. The studied forest 164 is medium-age, dense (1415 trees/ha, considering trees ≥10 cm diameter at breast height (DBH)) 165 and predominantly dominated by Fitzroya. Sampled trees were dominant and ranged between 166 35.5 and 47.9 cm DBH and 14.4 and 15.8 m height. In Alerce Andino, the effective soil depth is 167 larger than in the Coast (56 to 100 cm), soils are derived from volcanic material (silty-loam 168 texture) and contain a high amount of organic matter in the upper horizon (ca. 80%, Urrutia-169 Jalabert, 2014). The studied forest is old-growth, less dense than in the coast (782 trees/ha) and 170
Fitzroya is the most important species in terms of basal area. Sampled trees were dominant and 171 ranged between 82.5 and 161.5 cm DBH and 33.2 and 35.6 m height. 172 The approximate location of the three major physiographic units in the area is shown (Coastal 179 minimum to the next morning maximum. Stem radius increment (ΔR or phase 3) corresponds tothe portion of the expansion phase from the time the stem radius surpasses the morning 234 maximum until the following maximum, and has been considered as an estimate of growth 235 (Deslauriers et al., 2003 , Deslauriers et al., 2007a . When the previous cycle maximum was 236 reached a positive stem radius change (ΔR +) was calculated. When this maximum was not 237 reached, a negative stem radius change (ΔR -) was defined; however, only positive values were 238 used for further analyses. The duration of each phase (h, hours) was also estimated. 239
Environmental variables were also processed according to each phase division in order to match 240 them with stem data. Analyses were carried out using a routine specially developed for this 241 purpose by Deslauriers et al., (2011) using the SAS software (SAS Institute, Cary, NC). 242
The stem circadian cycle commonly lasts around 24 hours, but rain events can result in longer or 243 (Ƭ) was used since these relationships did not comply with all assumptions for a parametric test 264 and the data contained tied observations (tied ranks). To make variables independent from each 265 other and avoid using non-stationary data in the correlation analyses, the first difference was 266 used for contraction and for all the climate variables, except precipitation. Mean correlationswere significant if after 1000 bootstrapped iterations their absolute values were at least two times 268 their standard deviations (SD) (Deslauriers et al., 2003) . Data for the two estimated growing 269 seasons (2011) (2012) (2012) (2013) were used. 270
Correlations were performed considering all cycles, as well as regular cycles alone, allowing to 271 primarily assess the effect of long cycles on the relationship between climate and stem radius 272 change. In addition, phase duration could be highly dependent on environmental factors and the 273 effect of these factors on stem increment could be indirect through phase duration (Deslauriers et 274 al., 2007b ). As such, partial correlations were performed for all cycles' data using duration as a 275 partial correlate. 276
Finally, to examine the relationships between stem radius change and environmental variables at 277 a longer time-scale, and thereby establish a better link with dendrochronological findings, 278 correlations were also performed using time windows of 7, 21 and 31 days. For this purpose, the 279 daily maximum radius was obtained and the first difference (difference between the maximum 280 stem radii of two subsequent days) was used as a proxy of daily stem radius change (all data, 281 including positive and negative values were used). A moving average for 7, 21 and 31 days was 282 calculated for the mid-point of each window position and the deviations of each daily value from 283 the mean average were calculated for the dendrometer and environmental data to perform 284 correlations using these anomalies. 285
In order to have a spatial representation of the environmental variables mostly related with stem 286 radial change, and since most environmental parameters are strongly correlated, a principal 287 components analyses (PCA) was performed using all the variables during each time period. 288
Variables were logarithmically transformed as necessary to comply with linear relationships for 289 the PCA. The evident higher stem activity during spring-summer compared to fall-winter resulted in a 335 clear pattern of physiological activities suitable for wood formation and helped to estimate a 336 potential period of growth in both study sites. According to the K-means cluster analyses, the 337 growing season which was characterized by higher stem daily amplitudes, was estimated to 338 occur from November to March in the Coastal Range and from December to February in the 339 Andes ( Figure A1 , appendix). The remaining months in both sites were assigned to the second 340 cluster and could be considered as part of a dormancy or "less active" period ( Figure A1 ). These 341 results were confirmed by the hierarchical cluster analysis (results not shown). In spring and 342 summer, the increases in temperature and radiation drive greater evaporative demand during the 343 day that contribute to deplete stem water reserves and, combined with the refilling at night, 344 increase the amplitude of diurnal cycles (King et considering all cycles in the Coastal Range. VPD and radiation on the other hand, had a negativetemperature was also significantly and positively correlated with stem increment and radiation 425 was not correlated with this factor (Figure 4) . Radiation was not important, probably because it is 426 lower in this site. When performing correlations just considering regular cycles in the coastal 427 site, correlation with precipitation was not significant implying that the relationship between 428 precipitation and stem increment is just seen when long precipitation events occur in this site. 429
Additionally, a higher negative correlation with radiation was observed and a slightly significant 430 positive relationship was obtained with soil temperature. In the Andes, relationships remained 431 significant for the same variables, although correlation with precipitation decreased considerably. 432
In addition, a positive correlation with soil temperature also appeared in this site (Ƭ=0.21, Figure  433 4). Since VPD is derived from and strongly related to air humidity, relationships between these 434 variables and stem radius change were usually similar in magnitude, but in opposite directions. Finally, since prevailing weather conditions mostly during the expansion phase have been shown 496 to affect tree radial increment (Deslauriers et al., 2003) , correlations were performed between 497 environmental conditions during this phase and stem increment. This was done just using regular 498 cycles to minimize the effect of large differences in duration between phases. The only variables 499 that were related with increment were humidity (Ƭ=0.24) and VPD (Ƭ =-0.19) just in Alerce 500
Andino, but these correlations were lower than when using environmental variables from the 501 increment phase. 
Insights and interpretation of findings in dendrochronological studies 514
Relationships between stem radius change and environmental variables considering longer time 515 scales revealed that correlations with precipitation, humidity and VPD remained significant and 516 even increased in the case of humidity and VPD, compared with correlations using the daily 517 increment (considering all cycles) in both sites. Moreover, negative correlations with mean andmaximum temperature were also significant, as well as with radiation in both areas (Table A1 , 519 appendix). 520
The PCA plots (component 1 vs. component 2) for the different time scales highlight the close 521 positive association between stem radius change and precipitation and humidity (Figure 6) . A 522 negative association was particularly strong with radiation at longer time scales in both sites. For 523 conciseness, and since patterns for 21 and 31 days were the same, Figure 6 shows only the 524 "daily", 7 and 31 days results. "Daily" here and in the rest of the text refers to the time scale 525
given by the stem cycle. Principal components 1 and 2, explained 58.5, 73.6 and 78.8% at a 526 "daily", 7 and 31 days scale in the coastal site. In the Andes these values were 60.6, 76. Fitzroya when long warm, sunny and particularly dry periods occur. This would reduce the 554 number of days with appropriate climate conditions for growth to take place, producing a smaller 555 tree ring. 556
The correlation and the PCA examined together indicate that variables directly influencing the 557 stem water status, namely humidity, precipitation and VPD, had a stronger relationship with stem 558 radius change. In the second place, radiation and, to a lesser extent, maximum temperatures were 559 negatively related with this variable. It is likely that these negative correlations are a by-product 560 of the strong correlation between humidity and radiation, and between VPD and maximum 561 temperature, rather than a direct causal relationship among radiation/temperature and growth 562 rate. It is noteworthy that mean temperature had a weaker relationship with stem radius change 563 and minimum temperature did not have any significant relationship at all. This suggests that 564 maximum temperature would matter, because of its links with VPD, rather than through direct 565 effects on plant metabolism. Hence the results support the primary influence of humidity 566 conditions on cell growth rates on the studied time scales. The negative association between tree-567 ring width chronologies and summer temperature appears to be mediated through the effect oftemperature on VPD. The use of multiple variables in this study, although correlated amongthem, provided important insights that would not be possible to obtain with just a few of them. 570
The reported negative effect of previous summer temperature and precipitation on the other 571 hand, can be because warm temperatures are usually associated with dry conditions in the study 572 area, and hence carbon assimilation can be reduced if These environmental conditions are probably leading to more frequent or more pronounced stem 601 shrinking events and consequently to lower radial increment in trees from this site. This trend has 602 not been seen so far in the older trees from the Andean site (Urrutia-Jalabert, 2014). 603
It is important to emphasize, however, that further studies should address measurements of 604 leafwater potential, sapwood capacitance and carbon reserve in Fitzroya trees, especially during 605 dry periods, to assess to what extent they are affected by these conditions. In the case of trees 606 from the Andes, and since it has been reported that absolute daily reliance on stored water across 607 different species is higher in larger trees; stored water might help avoiding embolism conduits in 608 allowing us to track the seasonal course of stem radius variation throughout the studied period 615 and estimate a growing season for each area based on the definition of stem daily cycles. 616
Moreover, we could explore the stem daily cycle in detail, understand its differences between 617 sites and define the contraction and increment phases for subsequent correlation analyses. We 618 found that stem radius contraction was positively related with radiation, temperature and VPD in 619 both sites, so sunnier, warmer and less humid conditions conducive to higher transpiration rates, 620 were associated to stronger stem contraction and shrinking events. The amplitude of these events 621 was more pronounced in Alerce Costero than Alerce Andino, reflecting a higher sensitivity of 622 this site to these growth-adverse conditions. Stem increment on the other hand, was primarily 623 related with precipitation and humidity in both sites, reflecting the positive effect of water on 624 stem water potential and especially cell enlargement. Relationships with humidity/VPD were 625 stronger when considering longer time scales (7 to 31 days), and VPD appears to be the driver of 626 the previously reported negative correlations between tree-ring width chronologies and 627 temperature. Projected climate change in southern Chile is likely to impose restrictions to 628
Fitzroya's stem radius increment and carbon uptake, especially in the Coastal Range. This is 629 somewhat surprising given the high amounts of annual precipitation that fall in Fitzroya sites. 630
Long-term monitoring is needed in order to assess the responses of these forests total 631 productivity to climate variations. Future research on Fitzroya forests should concentrate on 632 multi-scale assessments ranging from cellular-scale analyses to determine the environmental 633 variables that mostly influence xylogenesis, to ecosystem-scale studies to assess the actual 634 condition of these forests and their interaction with climate (e.g flux towers). This knowledge is 635 fundamental to better understand the vulnerability of these unique ecosystems and their carbon 
